Ubiquitin carboxyl-terminal hydrolases (UCHs) are implicated in the proteolytic processing of polymeric ubiquitin. The high specificity for the recognition site makes UCHs useful enzymes for in vitro cleavage of ubiquitin fusion proteins. In this work, an active C-terminal His-tagged UCH from Drosophila melanogaster (DmUCH) was produced as a secretory form in a recombinant strain of the methylotrophic yeast Pichia pastoris. The production of recombinant DmUCH by Mut s strain was much higher than that by Mut + strain, which was confirmed by Western blot analysis. When expression was induced at pH 6.0 in a BMMY/methanol medium, the concentration of recombinant DmUCH reached 210 mg l À1 . With the (His) 6 -tag, the recombinant DmUCH was easily purified by Ni-NTA chromatography and 18 mg pure active DmUCH were obtained from 100 ml culture broth supernatant. Ubiquitin-magainin fusion protein was efficiently cleaved by DmUCH, yielding recombinant magainin with high antimicrobial activity. After removing the contaminants by Ni-NTA chromatography, recombinant magainin was purified to homogeneity easily by reversed-phase HPLC. Analysis of the recombinant magainin by ESI-MS showed that the molecular weight of the purified recombinant magainin was 2465 Da, which perfectly matches the mass calculated from the amino acid sequence. The result of mass spectrometry confirmed that the purified His-tagged DmUCH can recognize the ubiquitin-magainin fusion protein and cleave it at the carboxyl terminus of ubquitin precisely. Our results showed that P. pastoris is a robust system to express the secreted form of DmUCH. (S. Ren). 1 These authors contributed equally to this work. 2 Abbreviations used: UCH, ubiquitin carboxyl terminal hydrolase; AOX1, alcohol oxidase1; IPTG, isopropyl-b-D-thiogalactoside; IMAC, immobilized metal ion affinity chromatography; SDS-PAGE, sodium dodecyl sulfate-polyacrylamide gel electrophoresis; DmUCH, ubiquitin carboxyl-terminal hydrolase from D. melanogaster.
In recent years, one strategy, which has been developed for the expression of heterologous gene in Escherichia coli, is to fuse the gene of interest downstream of the ubiquitin gene to produce a fusion protein [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] . Ubiquitin-based tags have been used to not only increase expression levels but also to aid in protein folding. The technology has emerged as an alternative for the production, solubility and correct folding of otherwise intractable proteins. When fused to ubiquitin, insoluble proteins fold properly and become soluble [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] . Furthermore, the ubiquitin tag can be removed using a group of enzymes called deubiquitinating enzymes that cleave the tail sequence following a Gly-Gly dipeptide in the ubiquitin-derived substrates [1, 13] . Deubiquitinating enzymes consist of at least two families: the UCH 2 (ubiquitin carboxyl-terminal hydrolase) family [13] [14] [15] and the UBP (ubiquitin-specific processing protease) family [16] [17] [18] [19] [20] . UBPs are thought to disassemble polyubiquitin chains, whereas UCHs are shown to hydrolyze bonds between small adducts and ubiquitin to generate free monomeric ubiquitin [1, 3] .
More recently, the UCH has been shown to have a broad application in cleaving ubiquitin fusion proteins produced in E. coli [5] [6] [7] [10] [11] [12] . The enzyme is particularly suitable for this role because of its high degree of specificity, its tolerance to a wide range of reaction conditions, and the fact that its recognition sequence lies entirely at the amino-terminal side of the scissile bond [12] . This enzymatic activity of the UCH allows the release of the carboxylterminal fusion partners from fusion proteins without adding any unwanted amino acid residues to their amino termini. Thus, to cater for the applications, high yields of recombinant UCHs are needed. Recombinant UCHs have been reported in E. coli [12, 21, 22] , in which a renaturation procedure is necessary. In addition, since E. coli is a prokaryotic expression system, it lacks posttranslational modifications, such as proteolytic processing, folding and glycosylation that occur in a eukaryotic system. These limitations have prompted biotechnologists to seek new expression systems.
Recently, methylotrophic yeast, Pichia pastoris, has been developed as excellent host for the large-scale expression of proteins from different sources [23] . P. pastoris is known for its high-level expression of heterologous proteins and its tightly regulated alcohol oxidase1 (AOX1) gene promoter [24] . P. pastoris can be easily grown to high cell densities using defined minimal media and it is possible to introduce eukaryotic post-translational modifications. The techniques needed for molecular genetic manipulation are similar to those well established in Saccharomyces cerevisiae. Therefore, even very toxic proteins can be produced in large-scale in this system [25] [26] [27] [28] .
In the present study, we report the expression, purification and characterization of the recombinant UCH from Drosophila melanogaster (DmUCH) with a 6xHis-tag at the carboxyl terminus in P. pastoris.
Materials and methods

Materials
All the restriction enzymes and immobilized metal ion affinity chromatography (IMAC) (Ni-NTA) resins were purchased from Qiagen (Germany). E. coli Top10F'was used for routine plasmid amplification. T 4 DNA ligase and Taq DNA polymerase were from TaKaRa Biotechnology (Dalian, China). Plasmid pPICZa-A and P. pastoris GS115 were purchased from Invitrogen.
Gene and plasmid construction
First strand cDNA from the third instar D. melanogaster larvae was synthesized using the Trizol kit (Invitrogen) [28] . The cDNA encoding D. melanogaster ubiquitin carboxyl-terminal hydrolase (DmUCH) (GenBank Accession No. NM_057592) was amplified using the first strand cDNA as a template and a pair of gene specific primers designed based on the nucleotide sequence of DmUCH. The gene specific primers are: PF (5 0 -CCG CTC GAG AAA AGA ATG TTA ACC TGG ACG CCA CTT G-3 0 ) and PR (5 0 -CAT GCG GCC GCT TGT TGT GCC GCG GTC AAG GCC-3 0 ). In order to express the native N-terminus of DmUCH, an XhoI restriction site was introduced to allow in-frame cloning of the gene into the a-factor secretion signal of pPICZa-A expression vector and a nucleotides sequence encoding the KEX2 cleavage site was placed ahead of DmUCH. At the C-terminus, the stop codon was eliminated and replaced with a NotI restriction site, thus, the expressed DmUCH should ligate to the 6xHis-tag at the carboxyl terminus. PCR was performed as follows: preheating at 94°C for 7 min, 30 cycles at 94°C for 40 s, 55°C for 40 s and 72°C for 50 s, followed by an elongation at 72°C for 7 min. A 690 bp fragment was recovered from the gel by using the E.Z.N.A Gel Extraction Kit, and cloned into a pMD18-T vector using the Original TA cloning Kit (TaKaRa, Japan). The nucleotide sequence of the DmUCH was confirmed by sequencing. The pMD18-DmUCH plasmid was digested with XhoI and NotI sequentially, and the DNA fragment was gel-purified and then cloned into the P. pastoris expression vector pPICZa-A ( Fig. 1) . The constructed vector, pPICZa-DmUCH, contains the complete DmUCH structural gene downstream the a-factor sequence, and was used to transform the competent E. coli Top10F 0 . The plasmid DNA was prepared and the insert was confirmed by sequencing.
Transformation of P. pastoris and selection of transformants
Pichia pastoris GS115 strain was transformed with SalI-linearized pPICZa-DmUCH by electroporation following the manufacturer's instructions (Invitrogen). All Zeocine-resistant colonies were replica-plated onto MMH plates (1.34% YNB, 0.5% methanol, 1.61 lM biotin, 0.004% histidine, 1.5% agar) and MDH plates (same compositions as in MMH but with 2% glucose for 0.5% methanol) to determine the methanol-utilizing phenotypes. After 3-4 days of incubation, the Mut + phenotypes grew normally on both MMH and MDH plates, whereas the Mut s phenotypes grew very slowly on MMH plates. Both Mut s and Mut + strains were used for shakeflask cultivation.
Shake-flask cultivation of P. pastoris
Ten positive colonies were grown in 100 ml of BMGYH (1% yeast extract, 2% peptone, 100 mM potassium phosphate, pH 6.0, 1.34% YNB, 1.61 lM biotin, 0.004% histidine, 1% glycerol) in 500 ml shaking flask until O.D 600 = 5 at 30°C. The cell culture was centrifuged and the pellet was suspended to an O.D 600 of 1.0 in 20 ml of BMMYH (same as BMGYH but with 0.5% methanol for 1% glycerol). The resuspended culture was grown for 48 h by addition of 1.0% methanol every 24 h. Samples were withdrawn for the detection of the recombinant protein by SDS-PAGE and Western blot using the mouse anti-His (C-term) antibody [28] .
Purification of the secreted DmUCH
One hundred milliliter of cultured medium supernatant was dialyzed overnight in 20 mM sodium phosphate buffer (pH 7.5) containing 300 mM NaCl (buffer A) and applied to a nickel chelating Sepharose column (1.6 Â 10 cm) pre-equilibrated with the binding buffer (20 mM Na 3 PO 4 , 500 mM NaCl, 5 mM imidazole, pH 7.4). The column was washed with the binding buffer and the bound protein was eluted with a linear gradient of 5-500 mM imidazole in the buffer (20 mM Na 3 PO 4 , 500 mM NaCl, pH 7.4) at 1 ml/min. The DmUCH fractions were pooled and dialyzed overnight against a buffer containing 50 mM potassium phosphate, 50 mM NaCl and 50% glycerol, pH 8.0. The purity of the protein sample was determined by 12% SDS-PAGE and Western blot. The protein concentration of the recombinant enzyme was determined using the Bio-Rad dye agent with BSA as a standard [29] .
Preparation of the ubiquitin-magainin fusion protein
The expression plasmid (pQE-ubiquitin-magainin) harboring the sequence encoding the 6xHis-ubquitin-magainin was con- structed according to the procedures reported previously [2] . The resulting expression plasmids were transformed into E. coli strain M15 (pREP4) for recombinant protein expression. Cells were grown in LB-broth supplemented with 100 lg/ml ampicillin and 25 lg/ml kanamycillin at 37°C. Overnight cultures were diluted 1:100, grown to O.D 600 = 0.8, and then induced for protein expression by addition of isopropylthiogalactoside (IPTG) to a final concentration of 0.4 mM. Protein expression was carried out for 5 h at 30°C. The cell pellets were thawed on ice and resuspended in 50 mM Tris-HCl (pH 7.0) containing 500 mM NaCl. Resuspended cells were lysed by sonication on ice for 20 s for four times. Cell debris was removed by centrifugation at 12,000g for 30 min at 4°C. The fusion protein (ubquitin-magainin) was purified from the supernatant by a HisTrap HP (5 ml) column (Amersham Biosciences, Sweden) pre-equilibrated with the binding buffer (20 mM Na 3 PO4, 500 mM NaCl, 5 mM imidazole, pH 7.4). Purified 6xHis-ubquitin-magainin was concentrated and stored at À20°C in 50 mM Tris, pH 7.5, 0.5 mM EDTA, 5 mM DTT and 50% glycerol.
Analysis of enzymatic activity of DmUCH
The purified DmUCH (0.2 lg) was incubated with the fusion protein ubiquitin-magainin (20 lg) in 50 ll assay buffer (50 mM HEPES/NaOH, pH 7.8, 0.5 mM EDTA, 1 mM DTT, 0.1 mg/ml ovalbumin) at 37°C for various time periods. Aliquots were withdrawn at different time intervals and the reactions were terminated by boiled for 10 min, and the progress of the reaction was monitored by Tricine-SDS-PAGE [30] and antibacterial activity assay using agar diffusion method [31] .
Purification and analysis of recombinant magainin
The reaction mixture was first applied to the HisTrap HP (5 ml) column to remove the His-tagged ubiquitin, His-tagged DmUCH and undigested fusion proteins. The flow-through fraction was filtrated using the Amicon ultrafiltration device. One hundred milliliters of the filtrate were collected, including the proteins below 10.0 kDa. The filtrate was applied to the semi-preparative reversed-phase HPLC on a C18 column (250 Â 4.6 mm, 5 lm 300 Å), pre-equilibrated in 0.1% TFA and 18% acetonitrile. The bound protein was eluted with a linear gradient of acetonitrile (18-45%, v/v) in 0.1% TFA at 1.35% per minute. The flow rate was 1.0 ml/min and the absorbance of the elutant was monitored at 280 nm. The purity and integrity of magainin eluted from the reverse-phase HPLC was determined by Tricine-SDS-PAGE and electrospray ionization mass spectrometry .
Results
Influence of methanol utilization phenotype of the host on DmUCH production
After 3-4 days of incubation, the Mut + phenotypes grew normally on both MMH and MDH plates, whereas the Mut s phenotype grew very slowly on MMH plates and the high zeocine-resistant positive transformants were selected on MDH plates. In order to screen the high-level expression stains, we investigated the expression of recombinant DmUCH-His by both Mut s and Mut + strains in shake flasks. Western blot analysis revealed that the DmUCH-His level expressed in the Mut s strain was much higher than in the Mut + strain. Thus, the Mut s strain was selected for suspension culture in shake flasks.
Expression and purification of DmUCH
The P. pastoris clone that produced highest DmUCH was selected for subsequent large-scale protein expression with the optimal conditions (pH 6.0 and 120 h methanol induction). A major recombinant DmUCH of about 29 kDa was observed after 48 h induction, and its concentration increased up to 210 mg/l after 120 h induction (Fig. 2) . Western blot analysis revealed that the DmUCH was specifically recognized by mouse anti-His (C-term) antibody, and the high expression of the protein was on day 5 (Fig. 2) . With the 6xHis-tag at the C-terminus of DmUCH, recombinant DmUCH was easily purified to homogeneity using chelating Sepharose chromatography, which appeared as a single protein band around 29 kDa on SDS-PAGE (Fig. 3) . The apparent molecular weight ($29 kDa) of recombinant DmUCH is consistent with the one calculated from the deduced amino acid sequence. About 18 mg of DmUCH-His was purified from 100 ml of culture medium.
Enzymatic activity of recombinant DmUCH
Ubiquitin-magainin was incubated with the recombinant DmUCH. The time-course release of magainin from the fusion proteins was monitored by antimicrobial assay using agar diffusion method. Samples were collected from the reaction solutions at various time intervals and assayed for antibacterial activity. The antibacterial activity reached the maximum after 60 min of cleavage by DmUCH ( Fig. 4) . Tricine-SDS-PAGE analysis indicated that nearly all fusion proteins were completely cleaved, resulting in the cleavage products of ubiquitin and magainin at the expected size of 8.6 and 2.5 kDa, respectively, (Fig. 5A) . These results indicated that the purified recombinant DmUCH can recognize the ubiquitin-magainin fusion protein and cleave the fusion protein precisely. 
Purification and analysis of recombinant magainin
The reaction mixtures containing the ubiquitin-magainin fusion protein and recombinant DmUCH were applied to the HisTrap HP (5 ml) column. After removing the 6xHis-UBI, DmUCH and undigested fusion protein by chelating Sepharose chromatography, recombinant magainin was easily purified to homogeneity by ultrafiltration and reverse-phase HPLC chromatography. Analysis of the purified magainin by Tricine-SDS-PAGE revealed that the molecular mass of magainin is about 2.5 kDa, consistent with the theoretical molecular mass of 2465 Da (Fig. 5B) . Analysis of the recombinant magainin by Mass spectrometry showed a single, non-dispersed signal (Fig. 6) . The average mass of the molecular ion [M+4H] 4+ is 618.05 Da, which perfectly matches the mass (2465 Da) calculated from the amino acid sequence. The result of mass spectrometry confirmed that the purified DmUCH-His can recognize the ubiquitin-magainin fusion protein and cleave it at the carboxyl terminus of ubquitin precisely.
Discussion
Recently, ubiquitin and SUMO (small ubiquitin modifying protein) have been fused to the N-terminus of several proteins, including matrix metalloprotease X (MMP13), green fluorescent protein (GFP) and SARS-CoV 3CL protease, as fusion partners to enhance expression and solubility of target proteins [3, 5, 8] . In our laboratory, we have developed an efficient E. coli-based expression system to express antibacterial peptides fused to the poly-histidinetagged ubiquitin to enable a simple one-step purification of the fusion antibacterial peptides by immobilized metal affinity chromatography (IMAC) [2] . In order to obtain the active antibacterial peptides from the ubiquitin fusion proteins, the ubiquitin C-terminal hydrolases (UCHs) that can cleave the ubiquitin molecule at the C-terminal Gly 76 to release ubiquitin and active antibacterial peptides are needed. Therefore, in the present study, we report the high-level expression and secretion of recombinant ubiquitin Cterminal hydrolase of D. melanogaster (DmUCH) in the methylotrophic yeast, P. pastoris.
In our laboratory, the gene encoding DmUCH was inserted into pQE-30 and expressed in E. coli M15. But most of recombinant DmUCH have been expressed as inclusion bodies, and low-yield functional recombinant DmUCH was obtained after refolding the inclusion bodies. Recombinant DmUCH was successfully secreted into the culture supernatants by P. pastoris, and with the 6xHistag at the C-terminus of DmUCH, recombinant DmUCH was purified to homogeneity by an affinity chromatography (IMAC). Enzymatic activity assays indicated that the recombinant DmUCH had high activity to cleave the ubiquitin-magainin fusion proteins and released the magainin that had activity against E. coli K 12 D 31 .
Fusing a partner to the N-terminus of target proteins/peptides for expression, solubility and purification has been reported [32] [33] [34] [35] . But the fusion partner must be removed to obtain functional peptides. This can be achieved by introducing a protease recognition site, including tobacco etch virus (Tev) protease [36] , factor Xa, or thrombin protease, in the fusion proteins [35] . However, cleavage of the fusion proteins with proteases may result in recombinant peptides with an unauthentic N-terminus [37, 38] . Furthermore, cleavage of the fusion proteins is rarely complete, which reduces the yield. In addition, proteases may nonspecifically cleave the fusion proteins. The ubiquitin and SUMO fusion proteins also require proteases to remove the tags. However, the ubiquitin C-terminal hydrolases (UCHs), which are members of the cysteine protease superfamily, are distinct from other proteases in that they recognize the tertiary structure of the SUMO or ubiquitin. When the target protein is fused directly to the C-terminus of SUMO or ubiquitin, removal of the SUMO or ubiquitin will not add extra residues to the N-terminus of the target protein and therefore nativelike recombinant proteins can be obtained [8, 39] . In the present study, when the ubiquitin-magainin was treated with recombinant DmUCH, accumulation of recombinant magainin was observed with the reaction times. The ESI-MS analysis showed that the molecular weight of the purified magainin was 2465 Da, which is almost identical to the mass calculated from the amino acid sequence. These results indicated that the purified recombinant DmUCH can recognize and cleave the ubiquitin-magainin fusion precisely with high activity to release the intact magainin with a native N-terminus.
His-tags are the most widely used affinity tags which may have a positive effect in the biochemical properties of the target pro- . Time course cleavage of the ubiquitin-magainin fusion protein by DmUCH/ 6His. Aliquots of the reaction mixture were withdrawn at different time intervals after incubation and the progress of the reaction was monitored by the antibacterial activity assay using the agar diffusion method. Antibacterial activity was assayed by measuring the zones of growth inhibition in thin agar plates with E. coli K 12 D 31 as described by Hultmark et al. [31] . Experiments were repeated three times, the antibacterial activity reached the maximum after 60 min of cleavage by DmUCH and the diameter of the clearing zone was 1.1 ± 0.05 cm. ck, the inhibition zone with PBS (negative control); 1-6, the inhibition zones of the reaction mixture after incubation for 10, 20, 30, 40, 50 and 60 min. teins. Purification of His-tagged proteins is based on the chelating metal ions as affinity ligands. The use of short histidine stretches or His-tags, typically as affinity tags at either the N-terminus or C-terminus, enables the purification of the desired protein from the crude extract in a single step by IMAC (immobilized metal ion affinity chromatography) [40] [41] [42] . The most widely used IMAC supports are either nickel nitrilotriacetic acid (Ni-NTA) resins or different chelating Sepharose matrices. Importantly, the binding specificity enables the purification of proteins under both native and denaturing conditions [41] . Now, numerous proteins and peptides have been purified using the His-tags, and several therapeutic candidates are in clinical studies [43] . His-tags have also been used for purification of proteins using the expanded bed adsorption [44, 45] . In the present study, the (His) 6 -tag has been attached to the C-terminus of DmUCH and to the N-terminus of ubiquitin-magainin fusion protein, and the fusion proteins were easily purified by Ni-NTA. The (His) 6 -tag also facilitates purification of recombinant magainin after the ubiquitin-magainin was cleaved by DmUCH for 60 min, because the fusion protein, UBI and UCH, but not the released magainin, all contain a His-tag and can be removed by Ni-NTA, and the magainin is the only peptide remained in the flow-through.
Many substrates, including recombinant ubiquitin fusions and synthetic ubiquitn fusions, have been used to test the enzymatic activity of UCHs [5] [6] [7] 10, 12] . However, the procedures are very complex and the expense for synthetic fusions is very expensive. In the present study, the recombinant 6xHis-ubiquitin-magainin fusion protein was used as a substrate to analyze the activity of recombinant DmUCH. The cleavage of ubiquitin-magainin to ubiquitin and magainin by the purified recombinant DmUCH was first monitored by the high antibacterial activity of magainin released from the fusion protein using the agar diffusion method. Release of magainin was then confirmed by Tricine-SDS-PAGE and ESI-MS analyses. The agar diffusion method, which requires small volumes of cleavage mixtures, is simple and easy to manipulate, thus, it would be a versatile and efficient method to assay the activity of DmUCH.
We showed in this study that the ubiquitin carboxyl-terminal hydrolase from D. melanogaster (DmUCH) can be heterologously expressed in P. pastoris using the secretion signal of yeast a-mating factor. The recombinant DmUCH was expressed at high-levels (up to 210 mg/l) in the culture medium and easily purified by a single step affinity chromatography. The recombinant DmUCH exhibited high enzymatic activity. The successful expression and purification of the active DmUCH in P. pastoris will provide the opportunity to elucidate its structure in relation to its mechanism of action and offer an enzyme source for cleavage of ubiquitin fusion proteins in near future.
